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« L’homme est un animal social. » Aristote
Le « comportement social » = toute activité 
qui implique des interactions entre les 
individus d’une même espèce, influant sur les 
comportements immédiats ou futurs.
Autres espèces sociales : singe, abeille, 
campagnol, oiseaux…
Existe-t-il des gènes qui 
modifient notre comportement 
social ?
Notre comportement social 
laisse-t-il des traces sur notre 
génome ?
Existe-t-il des gènes qui modifient notre 
comportement social ?
Gènes modifiant les comportements sociaux
« Gènes Je t’aime / moi non plus » : ocytocine et 
vasopressine
Rôles : personnalité, confiance, attachement, altruisme, 
etc.
Synthétisés dans le cerveau.
Agissent via leurs récepteurs.
Gènes conservés chez les animaux sociaux.
récepteur
vasopressine
récepteur
ocytocine
Holden 2008
Ocytocine et Vasopressine
Campagnol des
prairies
- vit en société
- père « vit » avec la mère après 
l’accouplement
- éducation de la descendance par le père 
et la mère
Campagnol des 
montagnes
- vit seul
- père part après l’accouplement
- mère abandonne les descendants 2 à 3 
semaines après la naissance
è Nombre différent / répartition différente des récepteurs expliquent les différences 
comportementales.
Young et al. 1998
Récepteur 
de 
l’ocytocine 
(OTR)
Récepteur de 
la 
vasopressine
(AVPR1α)
Le récepteur à la Vasopressine Avpr1α
Young et al. 2004
è Région qui contrôle le gène Avpr1α est différente entre le campagnol des 
montagnes et le campagnol des prairies 
Campagnol des prairies : région d’ADN répétée plusieurs fois 
successivement = microsatellite
Campagnol des montagnes : région d’ADN non répétée
Campagnol des 
montagnes
Campagnol des 
prairies
Le récepteur à la Vasopressine chez l’homme
Chez l’homme : différences de répétition existent également mais en plus 
grand nombre
-dans le cas de l’autisme (Tansey et al. 2011) :
Chez les personnes autistes : plus fréquemment des allèles 
courts (=peu de répétition)
-dans la vie de couple (Walum et al 2008) : 
Plus de divorces chez les personnes ayant un allèle avec 
un nombre intermédiaire de répétitions.
-dans les relations aux autres (Knafo et al. 2008) : 
200 volontaires - Groupe A ($14) / Groupe B
Personnes ayant un allèle court donnent plus d’argent que 
celles ayant un allèle long
è Certains gènes gouvernent nos comportements sociaux
Gènes modifiant les comportements sociaux
SERT = transporteur à la 
sérotonine
GR= récepteur aux 
glucocorticoïdes
Dépression, anxiété, 
stress
CHRM2 = Récepteur cholinergique
QI
MAOA = monoamine 
oxidase
Comportement 
agressif et antisocial
Récepteur à 
la dopamine
Addictions
Holden 2008
« Gènes des liens sociaux »
Pour conclure, notre comportement social est dicté par certains gènes, 
mais ce qui est important c’est surtout où et en quelle quantité.
A l’inverse, est-ce que notre comportement social peut dicter où et 
comment nos gènes sont lus ?
Le comportement social change l’expression des gènes
Male dominant
Male subordonné
African Cichild fish
Groupe : male dominant, femelles et males subordonnés
Si le male dominant est retiré, en quelques 
minutes/heures, un male subordonné :
-Change de couleurs (=acquisition des couleurs vives)
-Acquiert des fonctions reproductrices (Expression du 
gène Egr1 dans les neurones contenant la GnRH)
-Augmente la taille de ces neurones
è Changements réversibles par la réintroduction d’un 
male dominant
Conclusion « Gènes sociaux »
Pour conclure, notre comportement social est dicté par certains gènes, et 
peut lui-même modifier certains gènes.
è Où et en quelle quantité retrouve-t-on ces gènes ?
Mécanismes expliquant la localisation et l’abondance de ces gènes
1- les mutations génétiques
Conclusion « Gènes sociaux »
Pour conclure, notre comportement social est dicté par certains gènes, et 
peut lui-même modifier certains gènes.
è Où et en quelle quantité retrouve-t-on ces gènes
Mécanismes expliquant la localisation et l’abondance de ces gènes
1- les mutations génétiques
2- les changements épigénétiques 
Epigénétique
Epigénétique = mécanismes contrôlant où et comment un gène est lu, sans
créer de mutation sur l’ADN.
ADN dans une cellule = 1 à 2m
L’ADN est compacté, enroulé = nucléosome
La compaction de l’ADN
H4
H3
H2B H2A
1 nucléosome = 8 Histones
Ajouts de groupements chimiques : acétylation, méthylation,
phosphorylation, etc. = verrous
è marques des histones
Chaque marque a un rôle.
Par exemple le rôle de la méthylation = Verrouiller / compacter l’ADN
= gène enroulé est illisible
Marques réversibles :
La compaction de l’ADN
Histone Méthyle Transferase (HMT)
Histone Déméthylase (LSD, JMJ,…)
Le relâchement de l’ADN
Par exemple le rôle de l’acétylation = Déverrouiller / relâcher l’ADN =
Lecture possible du gène
Marques réversibles : Histone Acétyle Transferase (HAT)
Histone Déacétylase (HDAC)
Marques de l’ADN = méthylation de l’ADN
- Ajout d’une méthylation sur une cytosine (C) lorsqu’elle précède une guanine (G)
- Le génome humain compte 3.109 bp et 3.107 CG
- 70-80% des CG du génome sont méthylés 
- La méthylation de l’ADN est habituellement associée à l’ADN compacté, verrouillé.
- Marque réversible
DNMTCG C G
Conclusion « Epigénétique »
Les marques des histones et celle de l’ADN coopèrent pour rendre les gènes 
lisibles ou illisibles.
Young et al. 1998
Récepteur 
de 
l’ocytocine 
(OTR)
Récepteur de 
la 
vasopressine
(AVPR1α)
Relations entre épigénétique, localisation et abondance
Epigénétique permet de verrouiller les gènes là où ils ne doivent pas être 
lus et d’ouvrir l’ADN là ils doivent l’être.
Plasticité épigénétique
= capacité des marques épigénétiques à répondre à l’environnement
= capacité d’un gène à donner différents comportements en fonction de 
l’environnement.
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loci are more susceptible to loss of heterozygosity and increased 
methylation instability, respectively.55
In male mouse fetuses, PGCs differentiate into prospermato-
gonia, enter mitotic arrest and reestablish methylation starting at 
E15; this is the time point at which paternal sex-specific imprints 
are set.56,57 Consequently, this window is especially important for 
disruptions to loci that escape demethylation as well as resetting 
of global methylation in male offspring with any effects likely to 
be seen in the F2 generation.33,58 Non-mammalian animals, in 
general, do not have imprinted genes.53 Developmental exposures 
may affect the growth of the offspring by inheritance without 
necessarily having a lasting impact on the parent.
After sexual maturation in all male mammals, the prosper-
matogonia complete meiosis and differentiate into mature sperm 
and during this process, the chromosomes are almost entirely 
stripped of histones and repackaged with highly basic prot-
amines. Because the protamines do not contain any modifiable 
tails, any epigenetic information carried on histones is unable to 
be passed through the male germ line.59 A small number of his-
tones are retained in mammalian sperm; however, it is unknown 
whether they play a role in passing on any epigenetic information 
to the resulting zygote.57,60
In contrast to males, F1 female mammalian PGCs complete 
meiosis I while still in the developing embryo, followed by cell 
arrest until puberty.57 Thus, in human females, for example, the 
oocytes remain in a haploid demethylated state for years; there-
fore, the window of possible disruption to the establishment of 
methylation patterns in oocytes is much longer and repeatedly 
occurs during the maturation of each egg throughout fertility 
(Fig. 2).52
Zygotic methylation reprogramming. The second wave of 
global demethylation occurs shortly after fertilization and before 
implantation. The male pronucleus is stripped of the protamines 
while DNA is actively demethylated and repackaged with newly 
synthesized histones in the zygote.61,62 The female complement 
of chromosomes becomes demethylated via a passive mechanism 
and stable in their patterns within a mouse throughout its life, 
implying that the level of methylation is set early in develop-
ment and stable for life. The distribution of variable expressivity 
has been shifted at these metastable epialleles following mater-
nal exposure to nutritional and environmental factors.12,43-47 It is 
likely that the underlying stochastic distribution of methylation 
at metastable epialleles may be affected by as yet uncharacterized 
environmental factors.
The five early developmental influences described here, nutri-
tion, behavior, stress, toxins and stochasticity interact to influ-
ence methylation and other epigenetic marks that in turn affect 
life-stage phenotype and disease (Fig. 1). As indicated by the 
wide number of animal species discussed, it is likely that the 
capacity for epigenetic plasticity is evolutionarily selected and 
therefore likely that many more instances of environmental 
epigenetic influences remain to be elucidated.48 Of important 
note, however, not all animals use DNA methylation as a gene 
repression mechanism; for example the model organisms fruit 
fly (Drosophila melanogaster) and roundworm (Caenorhabditis 
elegans).
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In the context of early environmentally modifiable epigenetic 
marks, it is important to determine the windows of greatest sus-
ceptibility. For example, the epigenome is most vulnerable to 
environmental factors during embryogenesis because the DNA 
synthetic rate is high, and the elaborate DNA methylation pat-
terning required for normal tissue development is established 
during early development. The mammalian genome undergoes 
two waves of global DNA demethylation followed by de novo 
methylation, as illustrated in Figure 2 using the mouse as a repre-
sentative mammalian animal model.49 In mammals, the mother, 
G0, hosts the development of the F1 offspring from zygote stage 
to birth. During the development of the F1 offspring, a separate 
lineage of cells within the F1, called the primordial germ cells 
(PGCs), migrate and differentiate into gamete precursor cells 
that will eventually become the F2 generation. By convention, 
the “first wave” of methylation resetting refers to the reprogram-
ming of the epigenome within these PGCs, and the second wave 
refers to the reprogramming that happens shortly after zygote 
formation. Exposure of a pregnant mother can affect methylation 
status of both the first wave (in the F2 PGCs) and the second 
wave (in the post-fertilization F1 pluripotent somatic cells).
Germ cell methylation reprogramming. In mice, the first 
wave of reprogramming occurs in primordial germ cells (PGCs) 
during and after their migration to the genital ridge beginning 
at E7.25.50 This demethylation is largely complete in the mouse 
by E13.5 and allows resetting of imprinted genes in the PGCs to 
match the sex of the host in which they now find themselves.51,52 
Many repetitive elements are also protected from demethylation 
to varying extents during this wave.53 Interestingly, this demeth-
ylation event appears to involve a base excision repair pathway.54 
For humans, this wave of PGC reprogramming is especially 
important given our complement of imprinted genes and the 
high content of repetitive elements in our genomes. These genetic 
Figure 1. Environmental factors working individually and in concert. 
Five environmental influences that affect the developing embryo and 
its primordial germ cells (represented by the pink and blue dots). Each 
of these factors can act through a variety of mechanisms and result in 
an array of changes in epigenetic marks.
Rats « léchés »
Vinclozoline
Séparation maternelle
Gelée royale
abeilles
Est-ce que l’environnement modifie l’épigénétique ?
Le modèle des abeilles : plasticité durant la vie larvaire
Ouvrière Faux-bourdon Reine
Epigénétique et réponse à l’environnement chez les abeilles
La méthylation dans le cerveau de la reine et dans celui des ouvrières est 
différente. 
Vert = ADN relâché, pas de méthylation
Rouge/Noir = ADN compacté, méthylation
è Larges différences de méthylation au niveau de ces gènes entre les 
ouvrières et la reine, entraînent des différences physiques, reproductrices…
è Au total 550 gènes présentent des différences de méthylation.
methylation patterns in all three castes. The latter finding was also
confirmed by the analysis of full methylation heatmaps of
GB15356 (Figure 3D). GB15356 is strongly methylated in workers,
with many reads showing complete methylation in the 59-half of
the amplicon (Figure 3D). In queens, GB15356 methylation is
strongly reduced and many reads show no methylation at all.
Intriguingly, drones show a bimodal methylation pattern with
approximately half of the reads methylated and the other half
unmethylated (Figure 3D). These results further illustrate caste-
specific differences in methylation patterns and suggest a complex
role of DNA methylation in the regulation of caste-specific
epigenomic differences in the brain.
Identification of Differentially Methylated Genes
To determine if there is a link between DNA methylation
patterns and the striking morphological and behavioral polymor-
phisms of queen bees and workers, we examined the levels of CpG
methylation in all annotated transcription units in both brains
using high stringency criteria (Supporting Information). This
approach generated a list of 561 differentially methylated genes
(DMGs, Tables 3 and S2) showing significant methylation
differences between the two castes. With the exception of highly
expressed genes encoding ribosomal proteins, DMGs in Apis are
expressed at low or moderate levels across all analyzed tissues
(Tables 3 and S2). In several cases their transcriptional activities
Figure 3. Detailed analysis of deep sequencing of selected genes. The bisulfite converted amplicons of selected genes were sequenced
using 454 technology. The selection was based on differential methylation in brains of queens and workers, but DNA from male brains (drones) was
also used in this experiment. The panels illustrate the uniqueness of brain methylation patterns in bees. 3A: Genes showing similar methylation
patterns in workers and drones, but a distinct methylation pattern in queens. 3B: Genes with similar methylation patterns in queens and drones, but a
distinct pattern in workers. 3C: Gene with distinct methylation patterns in all three castes. Panel 3D shows the full methylation heatmaps of GB15356.
This result is discussed in the chapter ‘‘Detailed Analysis of Methylation Patterns in Selected Amplicons by Deep Bisulfite Sequencing.’’ Gene
annotations: GB18798 - ubiquitin conjugation factor; GB13464 - RhoGAP93B. For other genes, see Figure 2.
doi:10.1371/journal.pbio.1000506.g003
Brain Methylomes in Honey Bees
PLoS Biology | www.plosbiology.org 5 November 2010 | Volume 8 | Issue 11 | e1000506
Lyko et al. 2010
Gène 1 Gène 2 Gène 3
Ouvrière
Reine
Ouvrière
Reine
Ouvrière
Reine
Epigénétique et réponse à l’environnement social chez les abeilles
Les abeilles ouvrières peuvent être soit 
- responsables de l’approvisionnement en nourriture = butineuses
- responsables des soins aux larves et à la reine = nourrices
- responsables de la garde de la ruche
- responsables du nettoyage de la ruche
- responsables de la réparation des alvéoles…
La méthylation dans le cerveau des 
butineuses (rose) et des nourrices (bleu) 
est différente :
è 155 gènes présentent des différences
de méthylation en fonction de leurs 
attributions.
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With CHARM, we found 107 DMRs for the forager-to–reverted 
nurse transition. The genes associated with these CHARM DMRs 
appeared to be enriched in transcription factors and DEAD-box 
helicases, as seen in the nurse-to-forager CHARM DMRs (Fig. 2a,b, 
Supplementary Table 2 and Supplementary Fig. 4). Of these 
107 CHARM DMRs, 57 overlapped with CHARM DMRs associated 
with the nurse-to-forager transition, a markedly close concordance 
(P < 2.2 × 10−16 by Fisher’s test, P < 10−3 based on 1,000 permuta-
tions; Supplementary Fig. 5). This subset of epigenetically reversible 
genes showed enrichment for development, ATP binding and nuclear 
pore formation (Supplementary Table 2). These genes include the 
ortholog to kismet, LOC726524, which regulates developmental 
genes such as hedgehog and affects learning and axon migration in 
Drosophila12,13, and might explain observed differences in learning14 
between nurses and foragers. In addition, DEAD-box helicase genes 
LOC725306 (ref. 15) and LOC726524 both have roles in transcription, 
whereas LOC411989 is involved in translation16.
To independently validate this result, we replicated the reversion 
experiment and created six new pools of six brains for both foragers and 
reverted nurses. We performed WGBS on these 12 samples and found 
that 45 of 57 reversion DMRs showed the same direction of change in 
methylation between CHARM and WGBS (Supplementary Fig. 6). 
This overlap of DMRs between replicated experiments was highly sig-
nificant (P = 3.3 × 10−6). Furthermore, the 45 WGBS-correlated genes 
showed enrichment for ATP binding and nuclear pore formation 
(Supplementary Table 3), consistent with our analysis of the 57 CHARM 
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Figure 1 DNA methylation changes were found between nurses and 
foragers, but not between queens and workers. (a) We compared 
newly emerged queens and workers using CHARM (n = 5 per 
phenotype) and found no statistically significant differences  
(FDR cutoff of 5%). (b) DNA methylation changes during the  
nurse-to-forager transition and changes back during the forager-
to-nurse transition (n = 3 per phenotype). We found 155 DMRs 
associated with the nurse-to-forager transition, 107 DMRs associated 
with the forager-to-nurse transition and 57 DMRs common to both 
lists that exhibited a nurse-specific signature.
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Figure 2 DNA methylation distinguishes nurses, foragers and reverted nurses. (a,b) Two examples of CHARM DMRs. Top, percent methylation for both 
CHARM and WGBS data sets, with points representing individual samples and the smoothed lines representing the average for the phenotype. The  
t test panel displays the top 1% differentially methylated CpGs by t test. The color of the point indicates which phenotype had greater methylation at 
that CpG (n = 6 per phenotype). The RNAseq expression panel is a t statistic based on the number or reads detected in the annotated exons, with the 
color indicating the higher expressed phenotype. The exon junctions panel is a t statistic based on the number of reads detected spanning the exon 
junctions, as predicted by the TopHat program, with the color indicating the higher expressed phenotype. Switching between higher expressed nurse 
and forager exon junctions is indicative of alternative splicing events. The RNA reads panels indicate the number of reads per phenotype as compiled 
by TopHat program (n = 6 per phenotype). The bottom two panels show the CpG density and the relative position of the gene. (c) Plot of relative gene 
expression comparing foragers (F) to reverted nurses (RN). We tested 26 genes associated with DMRs for expression differences by real-time PCR  
(n = 12 per phenotype). The plot depicts the difference in average log2 expression versus average difference in methylation as determined by CHARM. 
Correlation analysis results in a P value of 0.001.
Herb et al. 2012
Réversibilité de la méthylation de l’ADN chez les abeilles
Changement d’environnement : Les abeilles butineuses retournent dans 
une ruche sans nourrice, avec uniquement une reine et des larves. Les 
abeilles butineuses deviennent alors nourrices physiquement et 
« épigénomiquement ».
èLa méthylation est réversible en réponse aux changements d’« emploi » 
pour 1/3 gènes identifiés précédemment.
èLa méthylation peut être modifiée et se maintenir par l’environnement 
social.
èLa méthylation peut être modifiée à n’importe quel âge chez les abeilles.
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With CHARM, we found 107 DMRs for the forager-to–reverted 
nurse transition. The genes associated with these CHARM DMRs 
appeared to be enriched in transcription factors and DEAD-box 
helicases, as seen in the nurse-to-forager CHARM DMRs (Fig. 2a,b, 
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107 CHARM DMRs, 57 overlapped with CHARM DMRs associated 
with the nurse-to-forager transition, a markedly close concordance 
(P < 2.2 × 10−16 by Fisher’s test, P < 10−3 based on 1,000 permuta-
tions; Supplementary Fig. 5). This subset of epigenetically reversible 
genes showed enrichment for development, ATP binding and nuclear 
pore formation (Supplementary Table 2). These genes include the 
ortholog to kismet, LOC726524, which regulates developmental 
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Drosophila12,13, and might explain observed differences in learning14 
between nurses and foragers. In addition, DEAD-box helicase genes 
LOC725306 (ref. 15) and LOC726524 both have roles in transcription, 
whereas LOC411989 is involved in translation16.
To independently validate this result, we replicated the reversion 
experiment and created six new pools of six brains for both foragers and 
reverted nurses. We performed WGBS on these 12 samples and found 
that 45 of 57 reversion DMRs showed the same direction of change in 
methylation between CHARM and WGBS (Supplementary Fig. 6). 
This overlap of DMRs between replicated experiments was highly sig-
nificant (P = 3.3 × 10−6). Furthermore, the 45 WGBS-correlated genes 
showed enrichment for ATP binding and nuclear pore formation 
(Supplementary Table 3), consistent with our analysis of the 57 CHARM 
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associated with the nurse-to-forager transition, 107 DMRs associated 
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lists that exhibited a nurse-specific signature.
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Figure 2 DNA methylation distinguishes nurses, foragers and reverted nurses. (a,b) Two examples of CHARM DMRs. Top, percent methylation for both 
CHARM and WGBS data sets, with points representing individual samples and the smoothed lines representing the average for the phenotype. The  
t test panel displays the top 1% differentially methylated CpGs by t test. The color of the point indicates which phenotype had greater methylation at 
that CpG (n = 6 per phenotype). The RNAseq expression panel is a t statistic based on the number or reads detected in the annotated exons, with the 
color indicating the higher expressed phenotype. The exon junctions panel is a t statistic based on the number of reads detected spanning the exon 
junctions, as predicted by the TopHat program, with the color indicating the higher expressed phenotype. Switching between higher expressed nurse 
and forager exon junctions is indicative of alternative splicing events. The RNA reads panels indicate the number of reads per phenotype as compiled 
by TopHat program (n = 6 per phenotype). The bottom two panels show the CpG density and the relative position of the gene. (c) Plot of relative gene 
expression comparing foragers (F) to reverted nurses (RN). We tested 26 genes associated with DMRs for expression differences by real-time PCR  
(n = 12 per phenotype). The plot depicts the difference in average log2 expression versus average difference in methylation as determined by CHARM. 
Correlation analysis results in a P value of 0.001.
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Mise en place des marques épigénétiques : timing ?
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Périodes hautement sensibles = vie embryonnaire et petite enfance
Plasticité epigénétique
A l’inverse durant la vie adulte, où la plasticité cérébrale et la plasticité 
épigénétique sont moins importantes, est-ce que l’environnement peut 
modifier les gènes ?
Oui, exemple du syndrome de stress post-traumatique
Des changements de méthylation globaux ont été observés chez des 
militaires déployés en Afghanistan ou en Irak
èDifférence entre post- et pré-déploiement.
èAu retour différence entre ceux diagnostiqués avec un stress post-
traumatique et les autres.
Epigénétique peut être modifiée à l’âge adulte
Timing : épigénétique
Il existe des gènes sociaux.
Leurs mutations entraînent un risque accru de « difficultés sociales ».
Cependant, un gène ne suffit pas à lui seul à expliquer le comportement 
social chez l’homme.
L’épigénétique permet aux gènes de répondre à l’environnement social.
L’épigénétique est réversible.
Conclusion générale
Comportement social
Epigénétique

Environnement et épigénétique : est-ce que le timing est important ?
L’homme est-il capable de modifier ses marques épigénétiques en réponse à 
l’environnement social ? 
Si oui, quand ?
Le cerveau présente une plasticité différente au cours du temps.
deleterious as insufficient plasticity (Fig. 2). Plasticity is
essential to the establishment and maintenance of brain
circuitry, it can be beneficial for the individual enabling
acquisition of new skills and adaptation after an injury, but
it can also account for the symptoms of disease. Normal
plasticity mechanisms can serve to compound the patho-
logical consequences of a specific genetic mutation or
sustained environmental insult, and aberrant plasticity
mechanisms can act on a previously normal brain to induce
pathological manifestations of disease. Early altered or
mistimed plasticity may set the stage for otherwise innoc-
uous processes to become pathogenic (Gogolla et al. 2009).
A deficit in plasticity will render the brain unable to adjust
to changing demands. On the other hand, if the brain is too
plastic, structural connections may become unstable and
functional systems necessary for cognition and behavior
may be compromised.
The brain is highly interconnected. Therefore, plasticity
plays out across the multiple levels of nervous system
complexity, from cellular through microcircuits to circuits
and large-scale networks. Activity in lower levels may
influence activity in higher levels, and vice versa. Changes
in local plasticity can be compensated for by circuit and
network adaptations in such a way that behavior may not
deteriorate (in fact, some behaviors may even be para-
doxically improved). Alternatively, local changes may be
compounded by further maladaptive circuit and network
dynamics giving rise to disability and the symptoms of
disease. Thus, changes in local plasticity may constitute the
first in a chain of events culminating in ‘circuitopathies’ in
which symptoms are the consequence of dysfunctions of
neural circuits and networks. If so, measures of cortical
plasticity may provide very early local and network bio-
markers of neuropsychiatric disease.
In the present article we discuss concepts of plasticity as
they might evolve across the age-span and contribute to
normal development, life-long cognitive abilities, and the
manifestation of developmental or neurodegenerative dis-
orders. We argue that, in all individuals, the efficacy of the
mechanisms of plasticity changes over the lifespan, but that
it does so from variable starting-points and with variable
slopes depending on a number of genetic factors, envi-
ronmental factors, and their complex interaction (Fig. 3).
Empirical determination of each individual’s slope of
changing brain plasticity across the lifespan is possible
with real-time integration of transcranial magnetic stimu-
lation (TMS) with electroen phalography (EEG) and
functional magnetic resonance imaging (fMRI) (Freitas
et al. 2011a, b). Such methods might ultimately provide
early predictors of individual risk for age-related cognitive
decline, diagnostic biomarkers for neurodevelopmental and
neurodegenerative disorders, and enable plasticity-based
interventions to optimize outcomes for each individual.
Fig. 3 Schematic representation of individual plasticity across the
lifespan. Although mechanisms of plasticity show a downward trend
over the course of a typical lifetime, this trend will manifest
differently according to initial ‘‘baseline’’ levels, genetic factors, and
environmental influences. Therefore, one may conceptualize each
individual has a unique ‘‘slope of plasticity’’ across the lifespan
Fig. 1 Schematic representation of the concept of plasticity. Brain
plasticity allows for rapid adaptation to environmental changes that
occur quicker than genetic or epigenetic response times
Fig. 2 A bell-curve response to plasticity levels suggests that both
too little and too much plastic response can hinder cognitive
performance and overall brain health. ‘‘Optimal amounts of plastic-
ity’’ will necessarily be different for different individuals, varying
across brain regions and networks and changing across the lifespan
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